Abstract. Colorectal cancer (CRC) is the third most prevalent cancer and the fourth most common cause of cancer-associated mortality in males and females globally. Aberrant expression of microRNA-539 (miR-539) has been reported in multiple types of cancer. However, miR-539 expression, function and underlying mechanisms have not been clearly elucidated in CRC. In the present study, miR-539 expression was detected by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) in CRC tissues and cell lines. The effects of miR-539 on CRC cells were further examined in in vitro studies. In addition, the direct targets of miR-539 in CRC were investigated using bioinformatics, luciferase reporter assays, RT-qPCR and western blotting. miR-539 was revealed to be significantly downregulated in CRC cell lines and tissues. Decreased miR-539 expression was associated with lymph node metastasis and tumor-node-metastasis stage in patients with CRC. Functional assays revealed that the rescue of miR-539 expression attenuated CRC cell proliferation and invasion in vitro. Additionally, SRY-box 4 (SOX4) was validated as a direct target gene of miR-539 in CRC. Furthermore, SOX4 was revealed to be upregulated in CRC tissues at the mRNA and protein level. A significant negative correlation between miR-539 and SOX4 mRNA expression levels was observed in CRC tissues. Furthermore, upregulation of SOX4 partially restored the tumor suppressive effects of miR-539 on CRC cell proliferation and invasion. Taken together, this suggests that miR-539 may serve tumor-suppressive functions in CRC during the process of malignant transformation, by directly targeting SOX4. miR-539/SOX4-based targeted therapy may represent a potential novel treatment for patients with CRC.
Introduction
Colorectal cancer (CRC), which includes colon cancer and rectal cancer, is the third most prevalent cancer and the fourth most common cause of cancer-associated mortality in males and females worldwide in 2016, with >1 million cases diagnosed and 600,000 deaths recorded each year (1, 2) . Multiple risk factors for CRC have been identified, including age, being of the male sex, consumption of alcohol and red meat, obesity, insulin resistance and metabolic syndrome (3) . At present, the standard treatment for CRC is surgical resection followed by chemotherapy and radiotherapy (4) . Despite the advances that have been achieved in the diagnosis and therapy of CRC, however, the prognosis of patients with CRC remains poor (5) . Overall, ~30-50% of patients with CRC develop local tumor recurrence or distant metastasis, even following curative resection of the primary lesion (6, 7) . Therefore, it is crucial to fully understand the underlying mechanisms involved in CRC development and progression, and identify novel, efficient and specific therapeutic targets for the treatment of patients with CRC.
MicroRNAs (miRNAs/miRs) are a group of evolutionarily conserved, non-coding, short RNA molecules found in plants, animals and certain viruses (8) . miRNAs serve an important function in the regulation of gene expression by interacting with complementary sites in the 3'-untranslated regions (3'-UTRs) of target mRNAs, inducing translational repression or mRNA cleavage (9) . Multiple studies have reported that miRNAs regulate a number of physiological and pathological processes, which include cell proliferation, the cell cycle, differentiation, apoptosis, metastasis, angiogenesis and metabolism (10) (11) (12) . miRNAs are involved in tumorigenesis and cancer development, with >50% of miRNAs located at cancer-associated genomic regions (13, 14) . Aberrant expression of multiple miRNAs has been observed in various types of human cancer, including CRC (15) (16) (17) . Furthermore, these abnormally expressed miRNAs may act as tumor suppressors or oncogenes in different types of human cancer depending on whether they specifically target oncogenes or tumor suppressor genes (18, 19) . Thus, the targeting of miRNAs may result in novel anti-cancer therapies, as a result of the close associations between miRNAs and carcinogenesis.
miR-539 has been reported to be aberrantly expressed in several types of cancer including prostate cancer (20) , nasopharyngeal carcinoma (21) and osteosarcoma (22) . However, the expression levels, biological functions and underlying mechanisms of miR-539 in CRC remain unclear. Therefore, the aim of the present study was to detect miR-539 expression and to investigate the biological functions of miR-539 in CRC, as well as the potential mechanisms underlying these functions.
Materials and methods
Clinical samples. The present study was approved by the Ethics Committee of Liaoning Cancer Hospital and Institute (Shenyang, China), and written informed consent was obtained from all patients enrolled in the study. A total of 49 pairs of CRC tissues and corresponding normal adjacent tissues were collected from patients with CRC who underwent surgical resection at the Liaoning Cancer Hospital and Institute between June 2012 and October 2015. All these tissues were derived from initial surgery with neither preoperative chemotherapy or radiotherapy. Tissue samples were promptly frozen in liquid nitrogen at the time of surgery and stored at -80˚C until further use. Clinicopathological features of the patients are listed in Table I .
Cell lines and transfection.
A total of five human CRC cell lines (LoVo, HCT116, HT29, SW480 and SW620) and the normal human colon epithelium cell line FHC were purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin. All cell lines were maintained at 37˚C in a humidified atmosphere of 5% CO 2 .
miR-539 mimics and corresponding negative control miRNA (miR-NC) were acquired from Shanghai GenePharma Co., Ltd. (Shanghai, China). The miR-539 mimics sequence was 5'-GGA GAA AUU AUC CUU GGU GUU GU-3' and the miR-NC sequence was 5'-UUC UCC GAA CGU GUC ACG UTT -3'. pcDNA3.1-SRY-box 4 (SOX4) plasmids and empty vector pcDNA3.1 plasmids were synthesized by Guangzhou RiboBio Co., Ltd (Guangzhou, China). For transfection, cells were seeded into 6-well plates in DMEM medium containing 10% FBS at 60-70% confluence. Following incubation overnight at 37˚C with 5% CO 2 , cells were transfected with miRNA mimics (100 pmol) or plasmids (4 g) using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), following the manufacturer's protocol. The culture medium was replaced with fresh DMEM supplemented with 10% FBS 8 h after transfection.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was isolated from the cell lines and tissue samples using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), in accordance with the manufacturer's protocol. The concentration of total RNA was examined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc.). For analysis of miR-539 expression, cDNA was synthesized using the TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. qPCR was performed using a TaqMan MicroRNA PCR kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) on an ABI Prism 7500 Sequence Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The cycling conditions for qPCR were as follows: 50˚C for 2 min, 95˚C for 10 min; 40 cycles of denaturation at 95˚C for 15 sec; and annealing/extension at 60˚C for 60 sec. To quantify SOX4 mRNA, reverse transcription was conducted using a PrimeScript RT Reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's protocol, and qPCR was performed using SYBR Premix Ex Taq™ (Takara Biotechnology Co., Ltd., Dalian, China). The cycling conditions for qPCR were as follows: 5 min at 95˚C, followed by 40 cycles of 95˚C for 30 sec and 65˚C for 45 sec.
U6 and GAPDH served as internal controls for the detection of miR-539 and SOX4 mRNA, respectively. The primers were designed as follows: miR-539, 5'-GAA GAG GCT AAC GTG AGG TTG-3' (forward) and 5'-CAC CAT GAC CAA GCC ACG TAG-3' (reverse); U6, 5'-GCT TCG GCA GCA CAT ATA CTA AAA T-3' (forward) and 5'-CGC TTC ACG AAT TTG CGT GTC AT-3' (reverse); SOX4, 5'-CTT GAC ATG ATT AGC TGG CAT GAT T-3' (forward) and 5'-CCT GTG CAA TAT GCC GTG TAG A-3' (reverse); and GAPDH, 5'-CCA AAA TCA GAT GGG GCA ATG CTG G-3' (forward) and 5'-TGA TGG CAT GGA CTG TGG TCA TTC A-3' (reverse). The 2 -ΔΔCq method was used for relative quantification (23) .
MTT assay. Cell proliferation was determined using MTT assays. Transfected cells were harvested, resuspended in DMEM medium containing 10% FBS and seeded in 96-well plates at a density of 3x10 3 cells/well, and cultured for 0, 24, 48, and 72 h. At these specified times, MTT assays were performed. Briefly, 20 µl MTT solution (5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added into each well and incubated at 37˚C with 5% CO 2 for additional 4 h. The culture medium was then removed and dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) was used to dissolve the formazan crystals at 37˚C for 10 min. Finally, the absorbance at 490 nm was detected using a microplate reader (iMark™; Bio-Rad Laboratories, Inc., Hercules, CA, USA). All experiments were performed in triplicate and repeated at least three times.
Cell invasion assay. Cell invasion assays were performed using Transwell chambers (8 mm pores; Costar, Corning Incorporated, NY USA) coated with Matrigel solution (40 µl per chamber; Matrigel: FBS-free medium ratio 1:10; BD Biosciences, San Jose, CA, USA). Following transfection for 48 h, 5x10 4 cells cultured with FBS-free DMEM medium were placed into the upper chamber, and the lower chamber was filled with 500 µl DMEM with 20% FBS. After 48 h of incubation at 37˚C, cells on the upper surface of the membrane were carefully removed with cotton swab. Cells that invaded through the membrane surface were fixed in 100% methanol at room temperature for 15 min, stained with 0.1% crystal violet at room temperature for 15 min, and photographed under a light microscope (Olympus Corporation, Tokyo, Japan) at x200 magnification in five randomized fields.
Bioinformatic analysis and luciferase reporter assay. Target genes of miR-539 were searched using TargetScan (24) (http//www.targetscan.org) and miRBase (14, (25) (26) (27) (http://www.mirbase.org/).
For the luciferase reporter assay, pMIR-SOX4-3'-UTR-wild type (WT) and pMIR-SOX4-3'-UTR-mutant (MUT) were synthesized by Shanghai GenePharma Co., Ltd. Cells were seeded into 24 well plates at 60-70% confluence, and transfected with miR-539 mimics or miR-NC with pMIR-SOX4-3'-UTR-WT or pMIR-SOX4-3'-UTR-MUT using Lipofectamine 2000, according to the manufacturer's protocol. The activity of Renilla luciferase and firefly luciferase was determined 48 h after transfection using a Dual-Luciferase Reporter Assay system (Promega Corporation, Madison, WI, USA), according to the manufacturer's protocol. The relative luciferase activity was normalized to Renilla luciferase activity.
Western blot. Protein was extracted from tissues and cells using a Total Protein Extraction kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) supplemented with a protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA), according to the manufacturer's protocol. Protein concentration was detected using a BCA kit (Beyotime Institute of Biotechnology, Haimen, China). Equal amounts of protein (30 µg) were resolved on 10% sodium dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Subsequently, the membranes were blocked at room temperature with 5% non-fat milk in TBS/0.1% Tween (TBST) for 1 h, and incubated with the following primary antibodies overnight at 4˚C: Mouse anti-human monoclonal SOX4 (1:1,000; cat. No. sc-130633; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and mouse anti-human monoclonal GAPDH (1:1,000; cat. no. sc-51907; Santa Cruz Biotechnology, Inc.). Following three washes with TBST, the membranes were incubated with a goat-anti-mouse horseradish peroxidase-conjugated secondary antibody (1:3,000; cat. no. sc-2005; Santa Cruz Biotechnology, Inc.) at room temperature for 1 h. Protein bands were developed using an enhanced chemiluminescent reagent (GE Healthcare Life Sciences, Little Chalfont, UK) and analyzed with Image Lab software (version 3.0; Bio-Rad Laboratories, Inc.). GAPDH was used as a loading control.
Statistical analysis. Each assay was repeated three times, and data were expressed as the mean ± standard deviation. All statistical analyses were performed using Spearman's correlation test, paired Student's t-test or one-way analysis of variance (ANOVA) with SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). Student-Newman-Keuls test was used as a post hoc test following ANOVA. The association between miR-539 expression and the clinicopathological factors in CRC was analyzed by the χ 2 test. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-539 expression is downregulated in CRC tissues and cell lines.
To investigate the expression patterns of miR-539 in CRC, miR-539 expression was examined in 49 pairs of CRC tissues and corresponding normal adjacent tissues by RT-qPCR. The results demonstrated that, compared with normal adjacent tissues, miR-539 was significantly downregulated in CRC tissues ( Fig. 1A; P<0 .05). To analyze the associations between miR-539 expression and the clinicopathological characteristics of patients with CRC, the median miR-539 expression level (0.629) was regarded as the cut-off to divide all patients into either the miR-539 low-expression group (n=25) or the miR-539 high-expression group (n=24). As presented in Table I , a low expression level of miR-539 was associated with lymph node metastasis (P=0.015) and tumor-node-metastasis (TNM) stage (28) (P=0.007). However, no significant associations were observed between miR-539 levels or any other clinicopathological factor, which included sex (P=0.320), age (P=0.628), tumor location (P=0.458), tumor size (P=0.316) or differentiation (P=0.117).
Subsequently, miR-539 expression was measured in five CRC cell lines and a normal human colon epithelium cell line by RT-qPCR. As presented in Fig. 1B , the expression levels of miR-539 were decreased in all five CRC cell lines relative to FHC cells (P<0.05). CT116 and SW480 cell lines, which expressed relatively lower miR-539 expression level, were selected for further experiments. These results suggested that miR-539 may be involved in CRC initiation and progression.
miR-539 inhibits CRC cell proliferation and invasion in vitro.
To observe the potential effects of miR-539 on CRC Table I . Associations between miR-539 expression and clinicopathological characteristics of patients with colorectal cancer. cells, miR-539 mimics or miR-NC were transfected into HCT116 and SW480 cells. Following transfection, RT-qPCR confirmed that miR-539 expression was increased in HCT116 and SW480 cells transfected with miR-539 mimics compared with those transfected with miR-NC ( Fig. 2A, P<0 .05). MTT assays were utilized to assess whether miR-539 contributed to the suppression of CRC cell proliferation. Transfection of miR-539 mimics was revealed to significantly inhibit the proliferation of HCT116 and SW480 cells at 72 h compared with those transfected with miR-NC ( Fig. 2B; P<0 .05). Cell invasion assays were performed to determine the effect of miR-539 on the invasiveness of CRC cells. Invasiveness was significantly suppressed in HCT116 and SW480 cells transfected with miR-539 mimics compared with miR-NC (Fig. 2C) . Collectively, these results indicated a potential tumor-suppressive function of miR-539 in CRC proliferation and invasion.
miR-539 expression Clinicopathological ---------------------------features
Validation of SOX4 as a direct target of miR-539 in CRC.
To reveal the mechanism by which miR-539 affects the biological functions of CRC cells, the potential target genes of miR-539 were explored using bioinformatics. Among these putative targets, SOX4 was selected for further examination (Fig. 3A) , as it is upregulated in CRC and is involved into CRC progression (29, 30) . A luciferase reporter assay was performed to determine whether miR-539 directly binds to the 3'-UTR of SOX4. HCT116 and SW480 cells were transfected with pMIR-SOX4-3'-UTR-WT or pMIR-SOX4-3'-UTR-MUT, along with miR-539 mimics or miR-NC. As presented in Fig. 3B , the luciferase activity of the reporter containing WT SOX4 3'-UTR was significantly decreased following co-transfection with miR-539 mimics compared with miR-NC (P<0.05). However, there was no change in luciferase activity of the reporter containing the mutant binding site. Furthermore, RT-qPCR and western blotting were performed to measure the expression of SOX4 in HCT116 and SW480 cells. As predicted, ectopic expression of miR-539 decreased the mRNA and protein levels of SOX4 in HCT116 and SW480 cells compared with miR-NC ( Fig. 3C and D; P<0.05) . Thus, SOX4 was demonstrated to be a direct target of miR-539 in CRC. 
miR-539 is inversely correlated with SOX4 expression in CRC tissues.
To further investigate the relationship between miR-539 and SOX4, SOX4 mRNA and protein expression in were measured in CRC tissues and corresponding normal adjacent tissues. The results revealed that SOX4 mRNA and protein were upregulated in CRC tissues compared with the corresponding normal adjacent tissues ( Fig. 4A and B; P<0.05). Spearman's correlation analysis further revealed that miR-539 expression levels were negatively correlated with SOX4 mRNA expression levels in CRC tissues ( Fig. 4C ; r=-0.6698, P<0.001). These results suggested that the downregulation of miR-539 may result in the upregulation of SOX4 in CRC.
Upregulation of SOX4 reverses the tumor-suppressive effects of miR-539 in CRC cells.
To examine whether the downregulation of SOX4 mediates the tumor suppressive functions of miR-539 in CRC cells, rescue experiments were performed. HCT116 and SW480 cells were transfected with pcDNA3.1-SOX4 to increase its expression ( Fig. 5A; P<0.05 ). In addition, further exploration with MTT and Transwell invasion assays indicated that upregulation of SOX4 could rescue the suppressive effects on CRC cell proliferation ( Fig. 5B; P<0 .05) and invasion ( Fig. 5C ; P<0.05) induced by miR-539 overexpression. Collectively, these results suggested that miR-539 inhibits CRC cell invasion and proliferation by negatively modulating SOX4 expression.
Discussion
Tumor progression in CRC is a multi-step process that involves alterations at the genetic and epigenetic level (31) (32) (33) . Accumulated evidence has led to the view that miRNAs serve important functions in cancer formation and through the regulation of tumor cell proliferation, cycle, apoptosis, metastasis and angiogenesis (34-36) . Therefore, miRNAs may be potential therapeutic targets for miRNA-based diagnosis, prognosis and therapy. The present study used RT-qPCR to demonstrate that miR-539 expression was significantly decreased in CRC tissues and cell lines. In addition, low expression of miR-539 was significantly associated with tumor progression in patients with CRC. Functional experiments were used to demonstrate that miR-539 upregulation suppressed CRC cell proliferation and invasion. Furthermore, SOX4 was identified as a direct target gene of miR-539 in CRC. In summary, these results suggested that miR-539 may be used to develop novel strategies against CRC growth and metastasis in the future.
Abnormal expression of miR-539 has been reported to in multiple types of human cancer. For example, a previous study demonstrated that miR-539 was downregulated in an osteosarcoma cell line compared with an osteoblast cell line (37). Mirghasemi et al (38) reported that miR-539 expression levels are relatively low in osteosarcoma tissues, and low expression of miR-539 was associated with TNM stage, metastasis and recurrence. In addition, Kaplan-Meier survival analysis and log-rank tests demonstrated that reduced miR-539 expression was associated with low overall survival in patients with osteosarcoma, and miR-539 was revealed to be an independent prognostic marker of overall survival in patients with osteosarcoma (38) . Gu et al (39) reported that miR-539 expression is decreased in thyroid cancer tissues and cell lines. In addition, consistent with these results, low expression levels of miR-539 was observed in nasopharyngeal carcinoma (21) and prostate cancer (20) . The high frequency of miR-539 downregulation in these types of human cancer suggested that miR-539 may be a novel marker for the diagnosis and prognosis of specific cancers.
Abnormal expression of miR-539 serves an important function in the initiation and progression of several types of tumor. For instance, upregulation of miR-539 decreases cell migration and invasion in thyroid cancer (39) . Another previous study demonstrated that miR-539 serves tumor suppressive functions in the growth and metastasis of osteosarcoma (22) . Lv et al (21) reported that enforced expression of miR-539 suppresses the growth of nasopharyngeal carcinoma cells in vitro and in vivo. Meanwhile, Zhang et al (20) demonstrated that restoration of miR-539 expression in prostate cancer represses cell proliferation, migration and invasion in vitro, and decreases tumor growth and metastasis in vivo. These results suggest that miR-539 may serve an important function in these types of cancer, and it may be a potential target for the treatment of specific cancers.
Since the potential molecular mechanism underlying the tumor-suppressive effects of miR-539 in CRC remains to be elucidated, the present study aimed to explore this mechanism. To date, few genes have been validated as direct targets of miR-539, including sperm associated antigen 5 in prostate cancer (20) , cyclin dependent kinase 4 in nasopharyngeal carcinoma (21) , matrix metalloproteinase 8 in osteosarcoma (22) and caspase recruitment domain family member 11 in thyroid cancer (39) . In the present study, SOX4 was validated as a novel direct and functional target of miR-539 in CRC. First, bioinformatics predicated SOX4 as a potential target of miR-539. Secondly, luciferase reporter assays demonstrated that miR-539 directly targeted the 3'-UTR of SOX4. Thirdly, overexpression of miR-539 suppressed SOX4 mRNA and protein expression in CRC cells. Fourthly, SOX4 was upregulated in CRC tissues at the mRNA and protein levels. A significant negative correlation between miR-539 and SOX4 mRNA expression levels was also observed in CRC tissues. Finally, rescue experiments indicated that upregulation of SOX4 partially restored the tumor suppressive effects of miR-539, by suppressing the proliferation and invasion of CRC cells. It is essential to identify miR-539 target genes in order to elucidate the functions of miR-539 in the initiation and progression of CRC.
SOX4, a member of the SOX family of transcription factors, serves essential functions during embryonic development and cell fate specification in virtually all cells, tissues, and organ systems (40) (41) (42) . SOX4 is overexpressed in multiple types of human cancer, including gastric cancer (43) , hepatocellular carcinoma (44), prostate cancer (45), osteosarcoma (46) and non-small cell lung cancer (47) . Furthermore, multiple studies have demonstrated that SOX4 serves an oncogenic function in tumorigenesis and tumor development. For example, inhibition of SOX4 represses prostate cancer proliferation, migration and invasion, and promotes the apoptotic process and the epithelial-mesenchymal transition in vitro (45) . In CRC, SOX4 was upregulated at the mRNA and protein level, and was significantly associated with recurrence (29) . SOX4 knockdown also inhibited the proliferation and invasion of CRC cells (29, 30) . Therefore, SOX4 may be a novel therapeutic target in CRC, due to its cancer-associated functions.
To conclude, the present study indicated that miR-539 may function as a novel tumor suppressor in CRC. Our data provide a novel insight into the underlying mechanisms responsible for the progression of CRC. Therefore, the miR-539/SOX4 axis should be further investigated as a promising treatment for patients with CRC.
